The arthropod-borne flaviviruses are important human pathogens. Dengue viruses (DEN) are the causative agents of the most prevalent insect-borne viral illness, dengue fever, characterized by high fever, chills, body aches, and skin rash. More than 50 to 100 million cases of dengue fever are reported yearly in over 80 countries where the mosquito vector Aedes aegypti is endemic, and approximately 500,000 patients suffer from the more debilitating and often lethal illnesses known as dengue hemorrhagic fever and dengue shock syndrome. Japanese encephalitis virus is the leading cause of arboviral encephalitis in Asia, accounting for 30,000 to 50,000 cases annually. St. Louis encephalitis virus causes sporadic epidemic encephalitis in the Americas. West Nile virus (WNV), previously unknown in the Western Hemisphere, has caused more than 9,000 cases in North America since 1999. Many infections are asymptomatic, and a small proportion of infected people develop a mild febrile syndrome; but 1% of cases are at a high risk of developing potentially fatal encephalitis. There is currently no specific treatment for dengue-and West Nile-related diseases or available vaccines to prevent human infection. The yellow fever virus (YFV) is largely under control due to the effectiveness of the yellow fever vaccine; nonetheless, the disease continues to occur intermittently in tropical South America and sub-Saharan Africa with a high fatality rate in infants.
Flaviviruses contain a positive-strand RNA molecule with a Ϸ10.7-kb-long open reading frame. After receptor-mediated endocytosis and release of the nucleocapsid in the cytoplasm (3, 18, 19) , an interaction of ribosomes with the nucleocapsid brings the viral RNA to the cytoplasmic side of the rough endoplasmic reticulum (ER) (35, 36) , where the RNA is translated into a polyprotein precursor (3,391 amino acids in the case of DEN). The polyprotein precursor is co-and posttranslationally processed by cellular and viral proteases acting in a sequential manner to yield three structural (C, prM, and E) and seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins. The amino termini of prM, E, NS1, and NS4B are generated upon cleavage by the host ER signal peptidase in the ER lumen, whereas the NS2B/3 viral protease is responsible for the cleavage of most nonstructural proteins and the C terminus of the C protein in the cytoplasmic side of the ER (1, 2, 12) . In addition, an unknown ER peptidase cleaves the C terminus of NS1 (11) , and a furin protease produces a late cleavage of prM in the Golgi to generate the mature form of M protein (37) . Positive-and negative-strand RNA molecules are replicated by the NS3/NS5 replicase complex in association with densely sedimenting membrane fractions (4, 39), which is followed by viral assembly and production of progeny. The interferon (IFN) response ensues upon viral entry and release/synthesis of viral components, including doublestranded RNA intermediates that activate transcription factors such as interferon regulatory factor 3 (IRF-3), IRF-7, NF-B, and ATF2/c-Jun. As a result, alpha/beta IFN (IFN-␣/␤) is transcribed (13, 33, (40) (41) (42) . Secreted IFN-␣/␤ binds to the IFN alpha receptor (IFNAR) on the surface of infected and neighboring cells, resulting in activation of the JAK/STAT pathway. Phosphorylated STAT1 and STAT2 recruit IRF-9 and activate IFN-stimulated regulatory elements (ISRE), promoting the expression of more than 100 genes (6) . The fundamental role of IFN-␣/␤ in protecting animal hosts against viral infections is most dramatically observed in mice deficient in the IFN pathway (10, 16, 27) . In particular, IFNAR-deficient mice are extremely sensitive to DEN infection, exhibiting DEN replication in extraneural sites and subsequent viral spread into the central nervous system (34) . In vitro studies had previously pointed to a protein kinase R-independent mechanism employed by infected cells to overcome DEN infections (7) .
In establishing effective infections, viruses often overcome, at least in part, the onset of the innate antiviral response of the host cell. Importantly, the high pathogenicity of DEN in patients exhibiting high titers of IFN suggests that DEN antagonizes the IFN response in humans (21) . The detailed mechanism employed by DEN to antagonize the IFN response has not been elucidated, but DEN infection had been shown to circumvent the action of IFN signaling in vitro (8) . We have previously analyzed the ability of the 10 proteins encoded by DEN type 2 (DEN-2) to block the IFN system and found that expression of three of them results in partial inhibition of IFN-␣/␤ signaling. Expression of NS4B strongly blocks the IFN-induced signal transduction cascade by interfering with STAT1 phosphorylation. NS4A and, to a lesser extent, NS2A also block IFN signaling, and the cumulative effect of the three proteins results in robust IFN signaling inhibition (28) . Interestingly, the NS2A of Kunjin virus, a flavivirus closely related to WNV, has recently been described as an inhibitor of IFN-␤ production, indicating that the nonstructural proteins of flaviviruses target the IFN-␣/␤ response at multiple levels (24) . Here, we further explore the role of NS4B as an IFN antagonist and its functional conservation among other flaviviruses. We also report sequence requirements for the anti-IFN function displayed by DEN-2 NS4B in transfected cells. In addition, we find that the cleavage between NS4A and NS4B is required for their IFN antagonistic effect.
MATERIALS AND METHODS
Plasmid constructs, virus strains, and cell lines. The DEN-2 infectious cDNA clone pD2/IC-30P-A (20) served as a template for PCR amplification of DEN genes. All flavivirus genes and their truncations were cloned in the mammalian expression vector pCAGGS-COOH-TAG, a derivative of pCAGGS.MCS (29) containing the sequence 5Ј-CCCGGGATGTACCCTTATGATGTCCCAGATT ATGCCTGACTCGAG-3Ј cloned between SmaI and XhoI, encoding the hemagglutinin (HA)-TAG epitope YPYDVPDYA (underlined). pCAGGS-DEN-2 NS2B, NS3, NS4A, and NS4B have previously been described (28) . For all DEN-2 NS4B mutant constructs that included the 2,000-molecular-weight (2K) segment, the forward primer (restriction sites highlighted in boldface) 5Ј-CCG GAATTCACCATGGGAACACCCCAAGACAACCAACT-3Ј was used. The reverse primers used for the NS4B truncations were the following (restriction sites in boldface): for NS4B , CCGGTACCGGTGGATTTCCTTCCCACA ATGT; for NS4B , CCGGTACCGGTTCTCTGGTTGCTTTTGCTTG; for NS4B , CCCGGGGACTTGTGAGTAGCATCCAATGGC; for NS4B , CCCGGGATGTCTCAACATTGGTGTAAC; and for NS4B , CCCGGGC TCGGGTTGCTGGGTTGCAATGC.
After PCR amplification, PCR products were cloned into pCAGGS-COOH-TAG by using EcoRI and KpnI [NS4B and NS4B ] or EcoRI and SmaI [NS4B , NS4B , and NS4B ] restriction sites. To delete the 2K segment in ⌬2KNS4B, the forward and reverse primers 5Ј-CCGGAATTCA CCATGAACGAGATGGGTTTCCTAGAAA-3Ј and 5Ј-GGGGTACCCTTCTT GTGTTGGTTGTGT-3Ј, respectively, were used (restriction sites in boldface throughout). The following forward primer was used to replace the 2K segment of DEN-2 NS4B with the leader peptide of the murine major histocompatibility complex class I (MHC-I): 5Ј-CCGGAATTCACCATGGTCCCGTGCACGCTG CTCCTGCTGTTGGCAGCCGCCCTGGCTCCTGGCTCCGACTCAGACCC GGGCCCGGAACGAGATG-3Ј. As a result, the following amino acid sequence was fused to the N-terminal of NS4B to replace the 2K segment by the murine MHC-I H-2KB (KB) leader peptide: MVPCTLLLLLAAALAPTQTRA. The DEN-2 NS4A/B region was amplified by PCR by using the forward primer 5Ј-CCGGAATTCACCATGTCTCTGACCCTGAACCTAATCAC-3Ј and the same reverse primer as the previous constructs. PCR products were cloned into pCAGGS-COOH-TAG between EcoRI and KpnI restriction sites. YFV NS4B was cloned by reverse transcription-PCR using RNA derived from the YF vaccine 17D by using the following primers: 5Ј-CCGGATCGATACCATGTCCAT CCAAGACAACCAAGTG-3Ј and 5Ј-CCGGTACCGGCCGGCGTCCAGTTT TCATCTTC-3Ј. The amplified fragment was cloned in pGEM T-Easy vector (Promega), where site-directed mutagenesis was performed to produce the amino acid change E168K, present in wild-type YFV NS4B. The resulting cDNAs were inserted into pCAGGS-COOH-TAG between ClaI and KpnI restriction sites. WN NS4B (NY strain) was cloned using the primers 5Ј-GCGAATTC ACCATGCAACGTTCGCAGACAGACAAC-3Ј and 5Ј-TACCATGCATCGTC TTTTTAGTCCTGGTTTTTCC-3Ј. The amplified fragment was cloned into pCAGGS-COOH-HA by using EcoRI and NsiI restriction sites. All flavivirus constructs were expressed with the HA-TAG epitope fused at their carboxyterminals. The reporter plasmid pISRE-9-27-CAT (where CAT is chloramphenicol acetyltransferase) (40) was used for all CAT assays. Green fluorescent protein (GFP)-STAT1 was created by PCR amplification of STAT1 from pCMV-STAT1 (provided by J. Darnell) and cloning into a pCAGGS-derived version containing GFP. The firefly luciferase (FL) control plasmid (pCAGGS-FL) is also a pCAGGS-based plasmid. The construction and growth of the GFP-tagged Newcastle disease virus (NDV-GFP) is described elsewhere (30) . Vero cells were obtained from the American Type Culture Collection and maintained in Dulbecco modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS).
Western blots. A total of 5 ϫ 10 5 Vero cells were resuspended in 50 l of loading buffer (100 mM Tris-ClH, pH 6.8, 200 mM dithiothreitol, 4% sodium dodecyl sulfate [SDS], 0.2% bromophenol blue, and 20% glycerol). Crude lysates were boiled for 10 min and then kept on ice. A total of 10 l of each sample (equivalent to 5 ϫ 10 5 cells) was loaded in a 12% polyacrylamide-SDS gel, and the proteins were electrophoretically separated by conventional methods. Proteins were transferred to nitrocellulose, and blots were blocked in 10% fat-free milk powder and 0.5% Tween 20 in phosphate-buffered saline (PBS). Incubations with anti-HA antibody (Sigma) were performed in 0.1% fat-free milk powder and 0.5% Tween 20 in PBS (incubation buffer) at 4°C overnight on a rotating platform. Blots were then washed three times for 10 min in incubation buffer, incubated for 1 to 2 h with goat anti-rabbit antibody (Amersham Bioscience), and washed three times for 10 min in incubation buffer and one time for 2 min in PBS. Antibody-protein complexes were detected using a Western Lighting chemiluminescence system (Perkin Elmer).
Reporter gene assays. Vero cells were transfected by using Lipofectamine 2000 (Invitrogen). Each transfection of 5 ϫ 10 6 cells contained three plasmids: 1.2 g of pISRE-9-27-CAT, 0.5 g of pCAGGS-FL, and 5 g of a pCAGGS construct of interest. At 24 h posttransfection, cells were mock treated or treated with 1,000 U of human IFN-␤ (Calbiochem). Cells were maintained in DMEM-10% FBS for 24 h posttreatment, and then cells were harvested and lysed. CAT assays were performed as previously described (31) . Luciferase assays were performed by using a luciferase assay system (Promega).
Transfection and NDV-GFP infection of Vero Cells. Vero cells were transfected by using Lipofectamine 2000 (Invitrogen) as above. After 24 h of incubation at 37°C in DMEM-10% FBS, transfected cells were washed with PBS medium and incubated for 24 h more in the presence and in the absence of 1,000 U of IFN-␤. Cells were then washed twice with PBS and infected with NDV-GFP at a multiplicity of infection of 1 to 2 at room temperature for 60 min. The inoculum was then aspirated, and cells were maintained in DMEM-10% FBS. The infected cells were incubated at 37°C prior to detection of GFP expression by fluorescence microscopy.
Immunofluorescence. Cells were grown on microscope coverslips and fixed and permeabilized in cold acetone:methanol (1:1). Cell nuclei were permeabilized for 5 min in 0.5% Nonidet P-40 (Sigma). HA-TAG mouse antibodies (Sigma) and rabbit polyclonal anti-calnexin (N and C terminus) (BD Biosciences) were used as primary antibodies. Texas red-and fluorescein isothiocyanate-conjugated anti-rabbit or anti-mouse (Jackson Immunochemicals) antibodies were used as secondary antibodies. Nuclear chromatin staining was performed by incubation in a PBS solution containing 0.5 mg/ml 4Ј,6-diamidino-2-phenylindole (DAPI; Sigma). Human IFN-␤ was used at 1,000U/ml in STAT1 induction studies. To analyze the domains of DEN-2 NS4B necessary for this function, a series of partial deletions and substitutions in an NS4B expression plasmid was generated (Fig. 1A) . All NS4B mutant proteins were HA tagged at the carboxy terminus. To check levels of expression, Vero cells were transfected, and crude protein extracts were electrophoretically separated in a 4 to 20% gradient polyacrylamide-SDS gel. The HA-tagged proteins were detected by immunoblotting using standard techniques (Fig.  1B) . The results indicated that all proteins are expressed at comparable levels.
The ISRE-9-27 promoter is stimulated by IFN-␣/␤ through the activation of the STAT1/STAT2/IRF-9 transcription factor (interferon-stimulated gene factor 3). This promoter is stimulated by IFN and not by virus-mediated activation of IRFs (5, 40) . In order to investigate the ability of NS4B mutant proteins to inhibit IFN-mediated signal transduction, we studied ISRE-9-27 promoter activation in transfected Vero cells upon stimulation with exogenously added human IFN-␤. Vero cells do not produce IFN (9) , and therefore the IFN signaling detected is due only to stimulation by exogenous IFN. Each NS4B protein expression plasmid was transfected into Vero cells in combination with the ISRE-9-27-CAT reporter plasmid. Cells were incubated with IFN-␤ 24 h later, and cell lysates were prepared and assayed for CAT activity ( Fig. 2A and 3A ).
We first analyzed the possible contribution of the 2K segment to the IFN antagonistic function of NS4B. The 2K segment is a peptide 23 amino acids long that serves as signal peptide for the targeting of NS4B to the ER membrane. During viral infection, the 2K segment is cleaved at its amino terminus by the viral serine protease and subsequently on its carboxyl terminus by the host signal peptidase (22) . We hypothesized that the absence of the 2K segment may cause incorrect targeting of NS4B in the ER membrane, rendering the molecule incapable of blocking IFN signaling. To test this, two NS4B mutants were generated: one lacking the 2K segment (⌬2K-NS4B) and a second with the murine MHC-I signal peptide KB substituting for the 2K segment (KB-NS4B). Each of these constructs was transfected into Vero cells together with the ISRE-9-27-CAT plasmid and pCAGGS-FL. After a 24-h stimulation with human IFN-␤, CAT activity was measured and normalized with luciferase values. We found that the presence of ⌬2K-NS4B in Vero cells did not inhibit IFN stimulation of ISRE-9-27 promoter. However, KB-NS4B blocked activation of the CAT reporter at levels similar to those of the wild-type NS4B. These results indicate that the anti-IFN function of NS4B depends on the presence of an N-terminal signal peptide. Because the sequence of this signal peptide is not specific, our data indicate that the 2K segment is not directly involved in blocking IFN-␤. Expression and localization of ⌬2K-NS4B and KB-NS4B were further analyzed by immunostaining. Unexpectedly, the results showed that all wild-type NS4B, ⌬2K-NS4B, and KB-NS4B had similar patterns of localization and colocalized with calnexin, an ER marker protein (Fig. 2B) . This suggests that the absence of the signal peptide In addition, deletions of the C-terminal region were also created by PCR [NS4B , NS4B , NS4B , NS4B , and NS4B results in aberrant folding or topology of NS4B, rather than affecting ER targeting.
Analysis of domains in DEN-2 NS4B required for inhibition of IFN-␣/␤ signaling. To determine the region of NS4B involved in its anti-IFN function, a carboxy-terminal deletion series of the protein was created (Fig. 1A) . Upon expression of these truncated proteins in Vero cells and stimulation with human IFN-␤, we measured CAT expression from the ISRE- (Fig. 3A) . In particular, a truncated NS4B protein of 125 amino acids (including the 23 amino acids of the 2K segment) was still able to inhibit IFN signaling, while a further deletion of 48 amino acids [NS4B ] rendered the protein incapable of blocking ISRE-9-27. Further deletion of the N terminus had similar effects. These results indicate that amino acid residues located between amino acids 77 and 125 in DEN-2 NS4B play an essential role in the inhibition of IFN signaling.
To confirm the IFN-signaling inhibitory properties, we next analyzed the ability of the different truncated NS4B proteins to promote viral replication in the presence of IFN. Vero cells were transfected with the mutant NS4B expression plasmids. After 24 h, the transfected cells were stimulated with human IFN-␤. After an additional 24 h, the cells were infected with a Newcastle disease virus expressing GFP (NDV-GFP) and visualized by immunofluorescence microscopy (Fig. 3B) . As expected, empty plasmid-transfected cells treated with IFN were not efficiently infected. In contrast, NDV-GFP replication was enhanced in IFN-treated Vero cells transfected with a plasmid expressing wild-type NS4B (272 amino acids in length, including the 2K segment). In addition, expression of the NS4B , NS4B , and NS4B truncated proteins also resulted in enhanced NDV-GFP infection, indicating that amino acids 126 to 272 at the C-terminal of NS4B are not required for blocking IFN activity. However, further truncations of NS4B To further analyze the IFN-inhibitory properties of NS4B mutant proteins, we tested the ability of NS4B and its deletion series to block translocation to the nucleus of GFP-tagged STAT1. IFN-␣/␤ binds to the cell surface receptor IFNAR, resulting in activation of JAK1 and TYK2 kinases, which then tyrosine phosphorylate STAT1 and STAT2, causing their heterodimerization and nuclear translocation. We have previously reported that NS4B blocks IFN-␣/␤-induced phosphorylation of STAT1 (28) . We have tested the effects of NS4B in IFNmediated translocation (activation) of STAT1 by transfecting Vero cells with NS4B expression plasmids together with a second plasmid expressing a GFP-STAT1 fusion protein. After 24 h, cells were starved for 2 h and then incubated in complete medium with human IFN-␤ for 35 min. HA antibody binding (indicative of expression of NS4B) and GFP signal were visualized in the fluorescence microscope (Fig. 3C ). GFP-STAT1 was detected in the cytoplasm of cells expressing NS4B, whereas in cells not expressing NS4B, GFP-STAT1 was mostly present in the nucleus. Similarly, expression of the NS4B , NS4B , and NS4B truncated proteins resulted in cytoplasmic retention of GFP-STAT1. However, in the presence of the NS4B and NS4B truncated proteins, GFP-STAT1 was mainly nuclear. Results are shown for wildtype NS4B, NS4B , and NS4B (Fig. 3C) . Collectively, our results indicate that the motifs required for the anti-IFN function of DEN-2 NS4B are present in the amino terminus of the protein and that critical candidate residues are located between amino acids 77 and 125.
Cleavage between NS4A and NS4B is required for IFN antagonism. We previously reported that expression of DEN-2 NS4A inhibits IFN-␣/␤ signaling and that coexpression of NS4A and NS4B results in enhanced inhibitory activity (28) . As all DEN polypeptides, NS4A and NS4B are expressed as part of the viral polyprotein. Two proteases are involved in the cleavage of NS4A and NS4B. The viral serine protease formed by NS2B and NS3 first cleaves the carboxyl terminus of NS4A; the host signal peptidase then cleaves the 2K segment, generating the amino terminus of NS4B. Cleavage by the viral peptidase is required prior to cleavage by the host signalase (22) . To analyze the possible involvement of this particular cleavage mode in the IFN antagonistic functions of NS4A and NS4B, the entire NS4A/B region was cloned into the pCAGGS-COOH-TAG expression plasmid (Fig. 4A) . To generate the two cleavage products NS4A and NS4B, we coexpressed NS2B and NS3 together with the NS4A/B fusion protein in Vero cells. The proteins in the crude cell extracts were electrophoretically separated in a 12% polyacrylamide-SDS gel. Immunoblotting revealed that the levels of expression of all proteins were comparable and that the cleavage by the viral peptidase generates NS4B (Fig. 4B) . NS4B was visualized as a duplex band due to incomplete cleavage by the signal peptidase; this band is only observed if NS4B is expressed alone or if prior cleavage of NS4A/B by the viral peptidase has occurred.
In order to investigate the ability of NS4A and NS4B to block IFN signaling before and after cleavage, their ability to block activation of ISRE-9-27-CAT in the presence of IFN was analyzed (Fig. 4C) . The results showed that in the absence of cleavage, the NS4A/B fusion protein did not block IFN-␣/␤ induction of CAT expression, whereas the two proteins could strongly block such induction when they were expressed as individual polypeptides. Expression of the NS2B/NS3 viral protease restored the inhibition of IFN signaling when the NS4A/B fusion protein was also expressed. NS2B and NS3 did not exhibit antagonistic effects on their own. We further defined the anti-IFN function of these proteins by exploring their ability to block GFP-STAT1 translocation in response to IFN-␣/␤ (Fig. 4D) . We found that the NS4A/B fusion protein is only able to interfere with GFP-STAT1 translocation when coexpressed with NS2B and NS3. In summary, our results indicate that cleavage by the viral protease is required for the unfolding of the inhibition of IFN-␣/␤ signaling by the DEN-2 NS4A and NS4B proteins. Interestingly, similarly to ⌬2K-NS4B, the uncleaved NS4A/B fusion protein had a pattern of localization similar to that of NS4B and colocalized with calnexin, an ER marker protein (Fig. 2B, lower panels) .
NS4B function is conserved among flaviviruses. Flavivirus genomes are conserved in their organization and sequence, with considerable amino acid sequence identity among them. In particular, DEN, YFV, and WNV are almost equally related to one another (42 to 49% amino acid sequence identity). NS4B is moderately conserved, with 30 to 36% amino acid sequence identity among these three flaviviruses. To explore the possible conservation of NS4B function in inhibiting IFN-␣/␤ signaling, the YFV and WNV NS4B coding sequences were cloned into the pCAGGS-COOH-TAG expression plasmid. Crude protein extracts of transfected cells were electrophoretically separated in a 12% polyacrylamide-SDS gel, and an immunoblot showed that the proteins were expressed at levels comparable to those of their DEN homologue (Fig. 5A) . Partial cleavage of the 2K segment by the host signalase was observed in DEN-2 and YFV NS4B proteins, whereas the WNV 2K segment was more efficiently cleaved. We then analyzed the ability of the three NS4B proteins to block IFNinduced activation of the ISRE-9-27 promoter using our CAT reporter system. The results clearly indicated that in Vero cells expressing NS4B of DEN, YFV, or WNV, activation of the ISRE-9-27 promoter in response to IFN-␤ is reduced to similar levels (Fig. 5B) . In addition, cells expressing DEN, YFV, or WNV NS4B exhibited cytoplasmic retention of GFP-tagged STAT1 after IFN-␤ treatment (Fig. 5C and 3C, top panel) . Taken together, our results demonstrate a conserved role of flavivirus NS4B proteins as inhibitors of IFN-␣/␤ signaling.
DISCUSSION
We had previously reported that expression of DEN-2 NS4B and, to a lesser extent, NS4A and NS2A inhibited the activation of two different ISRE promoters in response to IFN-␤. Coexpression of NS4A and NS4B resulted in a stronger block of ISRE-54 and ISRE-9-27 activation. The ability of NS4B to block IFN-␤ signaling was corroborated by the failure of cells expressing NS4B to activate (phosphorylate) endogenous STAT1 after stimulation with IFN-␤ (28). Here we have further defined the NS4B anti-IFN function by investigating its sequence requirements. We focused attention on NS4B because this protein exhibited the strongest inhibitory effect on However, lack of either signal peptide resulted in a nonfunctional NS4B protein, suggesting that these amino-terminal sequences are important for the correct insertion of NS4B in the ER membrane. After insertion, the leader peptide appears to be only partially removed (Fig. 5A) . Therefore, we cannot ascertain at this moment whether both leader-peptide-containing and leader-peptide-cleaved NS4B proteins are functional inhibitors of IFN signaling. To identify regions of NS4B responsible for this anti-IFN function, we performed deletions of the carboxy terminus and retained the integrity of the amino-terminal portion of NS4B. This strategy was used to minimize potential changes in the NS4B topology, which is predicted to be a membrane protein with multiple (five) membrane spanning domains (26, 32) . We found that amino acid residues present between residues 77 and 125 are required for IFN antagonism. Interestingly, this area contains amino acids 77 to 103, which are predicted to be located in the cytoplasm between the first and the second transmembrane domains of NS4B. Thus, these amino acids are potentially implicated in interactions with cellular cytoplasmic components involved in IFN signaling. However, a careful experimental analysis of NS4B topology will be required in order to demonstrate the cytoplasmic localization of this domain of NS4B. It is attractive to speculate that this domain We also investigated the potential of the truncated DEN-2 NS4B proteins to inhibit STAT1 activation in response to IFN. We previously reported that IFN-␤ treatment of cells expressing NS4B did not result in detectable levels of tyrosine-phosphorylated (activated) STAT1 by immunofluorescence (28) . Since STAT1 tyrosine phosphorylation is believed to mediate its nuclear accumulation, our previous results suggested that NS4B expression would result in inhibition of STAT1 nuclear translocation in response to IFN. We have confirmed this to be the case in Vero cells transfected with GFP-STAT1. This assay provides direct visualization of cytoplasmic and nuclear STAT1. Wild-type DEN-2 NS4B as well as all NS4B truncated proteins that inhibited reporter gene activation in response to IFN-␤ also inhibited STAT1 translocation.
Although the N-terminal signal peptide sequence of NS4B, the 2K segment, is processed by the signal peptidase of the host, cell-free in vitro translation studies had demonstrated that the NS4A/B region is cleaved by the host peptidase only after the N terminus of the 2K segment is cleaved by the NS2B-3 protease (22) . Because NS4A and NS4B are both capable of blocking IFN signaling and together can produce a stronger antagonistic effect, we have studied the cleavage requirement for this function. We have found that the NS4A/B fusion protein is only able to inhibit IFN signaling when coexpressed with the viral protease. These data indicate that posttranslational cleavage of the DEN-2 polyprotein is a prerequisite for activation of the IFN-antagonistic properties of NS4A and NS4B. If inhibition of IFN signaling is important for the pathogenicity of DEN in humans, viral protease inhibitors may be effective not only by interfering with the generation of viral products involved in viral RNA replication and virus assembly but also by indirectly interfering with the ability of DEN to inhibit the IFN-␣/␤ antiviral system. Thus, we would predict that protease inhibitors would increase the sensitivity of DEN to the antiviral action of IFN-␣/␤. This prediction is reminiscent of the situation with the distantly related hepatitis C virus, in which it has been found that the viral protease contributes, albeit by a different mechanism, to the evasion of the IFN system by this virus (14) .
The NS4B proteins of DEN, YFV, and WNV exhibit significant amino acid identity and block IFN signaling. The distantly related hepatitis C virus contains an NS4B gene with negligible sequence identity. Nonetheless, models of the predicted topology of NS4B, containing several ER and cytoplasmic domains separated by transmembrane regions, are significantly similar for the hepatitis C virus and other flaviviruses. Expression of NS4B of hepatitis C virus did not result in inhibition of IFN signaling in our assays (data not shown); however, other mechanisms have been implicated in inhibition of the IFN system by hepatitis C virus (14, 15, 38) . Conservation of NS4B IFN antagonistic functions among flaviviruses suggests that this role of NS4B is important for efficient virus propagation. The ability of flaviviruses other than DEN to efficiently block IFN-␣/␤ signaling was recently demonstrated. Japanese encephalitis virus appears to target the activation of the kinase Tyk2, essential for IFN signaling (23) . Even more recently, Guo et al. (17) have found that West Nile virus replication inhibits IFN-␣ signaling by preventing JAK1 and Tyk2 activation, and Liu et al. (25) have shown that several nonstructural proteins of West Nile virus, including NS4B, inhibited STAT1/2 phosphorylation. These results are consistent with our observations described in the present study indicating that NS4B proteins from several flaviviruses have the ability to inhibit STAT1 activation and IFN signaling when individually overexpressed. It will be interesting to investigate whether similar or different mechanisms are used by different flaviruses to inhibit IFN signaling and whether this effect is dependent on NS4B. In addition, it is likely that inhibition of IFN signaling is required for viral replication and pathogenicity in the host. Thus, NS4B function represents a potential common target among flaviviruses for the development of new antiviral agents.
